Abstract-An arc-linear permanent-magnet synchronous machine (AL-PMSM) is a kind of servo machine used for a scanning system to meet the requirements of high positioning accuracy, high response performance, and wide scanning range. To reduce the detent force and increase the travel range of the AL-PMSM, a novel hybrid excited AL-PMSM with a normal armature winding and compensation windings is proposed and investigated. The compensation windings are installed on the end teeth of the primary side. The influence of a compensation direct current is analyzed by a finite element method (FEM). Based on the result of the analysis, a proper compensation current is proposed to reduce the detent force. The result after the compensation is simulated by the FEM. In addition, a combination of primary length optimization and current compensation is proposed, the proper formula for the compensation current is deduced, and the result calculated by the FEM is provided. To reduce the detent force of the travel end, a proper current is supplied into the compensation winding, the detent force during the both end of the travel range is much reduced, so the smooth travel range is increased. Finally, prototypes of AL-PMSM are manufactured and experiments are conducted to validate the proposed compensation method.
military applications [1] [2] [3] [4] [5] . For some scanning system and radar system, a rotary motor with gear box is usually adopted to realize the limited angular movement, which brings some drawbacks, such as occupying large space, bringing transmission error, and having low response performance. Thus, arclinear permanent-magnet synchronous machine (AL-PMSM) is needed to realize the direct driving for limited angular movement. However, as one kind of PMLSM, AL-PMSM will also suffer from detent force, which will influence the position accuracy and low-speed characteristic.
The detent force is mainly caused by the slot effect and the end effect, and both of them are caused by the reluctance change between PMs and stator teeth. The reason for the slot effect is the same with that in rotary PM machines. Slot effect can be reduced by many different methods, such as skewing, magnet pole pitch optimization, magnet pole shape optimization, fractional slot/pole construction, stator core optimization, magnet shift, employing notches in the stator teeth, closed stator slots, etc. [6] [7] [8] [9] [10] [11] . The end effect is caused by the finite length of the primary and secondary sides. To evaluate the detent force caused by these two effects, [12] shows one way to separate the detent forces caused by the slot effect and end effect. The result shows that without optimization, the detent force caused by the end effect is much higher than that caused by the slot effect. The ways to reduce the detent force can be classified into two kinds, one is the sophisticated control strategies of the machines [13] [14] [15] [16] , and the other is the optimization of the machine structure [17] [18] [19] [20] [21] [22] [23] [24] [25] , as shown in Fig. 1 . [18] analyzed the influence of the primary side length on the detent force, and indicated that the detent force can be greatly reduced by optimization of the length. [19] developed a multiple secondary side PMLSM to reduce the detent force, while [20] developed a multiple primary side PMLSM to reduce the detent force. Auxiliary poles or auxiliary teeth are also widely used to reduce the detent force [21] [22] [23] [24] . [25] adopted a complex structure that the PMLSM was divided into three modules, so the detent force of the three modules can be cancelled by each other. However, few research works have considered to combine the control strategy and structure optimization together. [26] used skewed PMs to suppress high-order harmonic components and a linearization observer for further diminishing low-order harmonic components, but the motor structure itself is still in a conventional way. In addition, the PMLSM has both end effects from the primary and secondary sides. However, most of the studies focus on the end effect caused by the short side. The long side end effect will occur when the primary end region is close to the secondary end region. The detent force caused by long side end effect significantly decreases the smooth travel range [26] , which should be considered seriously.
In this paper, a new hybrid excited AL-PMSM with a normal armature winding and compensation windings is proposed and investigated to reduce the detent force and improve the smooth travel range. First, the structure of the hybrid excited AL-PMSM is described. Second, the effect of the direct current (dc) compensation is evaluated. Third, the compensation strategy only by using the compensation current is investigated. Fourth, the combination of length optimization and compensation current is analyzed. Fifth, the compensation strategy to increase the smooth travel range is studied. Finally, the prototypes of AL-PMSM are manufactured and tested to compare the FEM results with the experiment results.
II. STRUCTURE AND ANALYSIS MODEL OF THE AL-PMSM
In this paper, the AL-PMSM adopts short primary and long secondary sides, as shown in Fig. 2 . 10-slot/9-pole fractionalslot structure and surface-mounted PM rotor type are adopted. The parameters of the AL-PMSM are listed in Table I .
If no other detent force optimization is used, the fundamental component of the detent force f od can be expressed as where s is the displacement of the secondary, τ is the pole pitch, θ is the offset angle of the original detent force determined by the initial position of the secondary, and F od is the constant amplitude determined by the structure of the motor. The detent force calculated by the finite element method (FEM) is shown in Fig. 3 . It can be seen that the detent force is very large. Thus, two compensation windings are designed on both end teeth of the primary side. During the movement of the secondary, appropriate current is applied into the compensation windings to produce opposite force against the detent force for reducing the total detent force.
III. EVALUATION OF THE DC COMPENSATION
When the secondary is moving, a dc of 1 A is supplied into the compensation windings. To simplify the analysis, only one compensation coil is used at first. The end tooth with the compensation coil can be seen as an electromagnet. When the dc is supplied into one compensation coil, the typical positions and the flux distributions of the primary/secondary are analyzed and calculated by the FEM and the results are shown in Fig. 4 .
In the position shown in Fig. 4 (a), the N pole of the equivalent electromagnet faces to the N pole of PM, and the tangential force generated by dc is 0. When the secondary moves from position (a) to position (b), the tangential force generated by the dc increases to the maximal value. At position (c), the tangential force generated by dc decreases to 0 again and the N pole of the equivalent electromagnet faces to the S pole of PM. At position (d), the tangential force generated by dc decreases to the minimal value (negative maximum). Moving from position (d) to position (a), the tangential force generated by dc increases to 0 again.
The detent force calculated by the FEM is shown in Fig. 5 . Subtracting the original detent force from the detent force with dc compensation, the tangential force generated by dc can be worked out, as shown in Fig. 6 . It can be seen from Fig. 6 that the tangential force generated by dc changes periodically with every two pole pitches (26 mm), which is coincident with the analysis. The four positions shown in Fig. 4 are marked in Fig. 6 as a, b, c, and d. Fig. 7 shows the tangential force generated by dc in the other compensation winding, where the amplitude and frequency are the same with those of the force generated by the first winding, and the only difference is the phase angle.
Based on the above-mentioned analysis, the force generated by dc f dc can be expressed as
where θ dc is the offset angle determined by the initial position of the secondary and F dc is the constant amplitude determined by the structure of the motor considering the dc compensation. It is this knowledge which provides the key to compensate the detent force with appropriate current.
IV. DETENT FORCE COMPENSATION

A. Compensation Only by Current
Comparing (1) and (2), it can be seen that the frequency of the force generated by dc is half the value of the frequency of the original detent force. If an alternating current with the same frequency of the force generated by dc is applied to the compensation coil, its formula is
where I ac is the amplitude of the current and θ ac is the initial phase of the current. According to homogeneous theorem, the force f ac generated by this alternating current can be expressed as
It can be seen that cos(θ dc − θ ac ) is a constant, so the frequency of f ac is the same with the frequency of original detent force f od . If the phase difference between f ac and f od is π, and their amplitudes are the same, i.e.,
then the detent force can be eliminated.
Based on the above-mentioned analysis, the amplitude and phase of the compensation current can be calculated as
Thus, the resultant detent force f d of the force generated by the compensation current and the original detent force f od can be expressed as
From formula (8) , it can be seen that f d is a constant value. The result calculated by the FEM is shown in Fig. 8 . The fundamental component of the detent force is eliminated, but the remaining detent force is oscillating around f d because of the harmonic component.
It can be seen that by applying an appropriate alternating current into the compensation coil, the peak-peak value of detent force can be reduced from 43.5 to 1.8 N, i.e., by 95.9%. However, there exist two problems. First, the compensation current is very large. Second, because of the constant value of the resultant force f d , the thrust will be influenced by this resultant force, and the designed rated thrust will be changed.
The amplitude and frequency of the force generated by the two compensation coils with dc are the same, and the only difference is the phase angle. Therefore, if both compensation windings are used, the amplitude of the compensation current can be reduced to half-value, but the constant component will remain unchanged. Fig. 9 shows the rated thrusts before and after the compensation with i ac . It can be seen that after the compensation, the force ripple is much reduced from 66% to 3.3% and the average thrust has increased from 60 to 65 N. This increase of the average thrust will influence the accuracy of the open loop thrust control. However, it can be compensated by the control system, though this may increase the complexity of the control strategy. 
B. Combination of Primary Length Optimization and Current Compensation
As known, the detent force can be greatly reduced by optimizing the length of the primary [12] , and this is a very easy way to fulfill. Here, the length of the primary is optimized by changing the length of the end teeth. After the optimization of the length, the fundamental component of the detent force without compensation current is eliminated. The remaining detent force is shown in Fig. 10 . Fig. 11 (a) and (b) shows the harmonics of the detent force before and after the primary length optimization, respectively. It can be seen that the first harmonic is greatly reduced and the second harmonic becomes the main component of the detent force after the optimization.
The second harmonic of the detent force can be expressed as
where θ 2 is the offset angle of the detent force with the primary length optimization and without compensation current, and F od2 is the constant amplitude with the primary length optimization and without compensation current. It can be seen that the frequency of the remaining main component of the detent force is double of the original frequency. It is this knowledge which provides the key to reduce the resultant detent force further. Fig. 12 shows the detent force with 1 A dc compensation after preliminary length optimization, and Fig. 13 shows the tangential force generated by 1 A dc. It can be seen that the force generated by dc changes periodically with every two pole pitches (26 mm). Compared to Fig. 6 , the amplitude and frequency are the same, and only the offset angle has small difference because of the slight length change of the primary.
If a current is applied to the compensation coil, the force generated by this current can be expressed as
If θ ac is adjusted to satisfy
The equation can be simplified as
It can be seen that cos(θ dc + θ ac − θ ac ) is a constant, so the frequency of fc is the same with the frequency of the detent force f od2 , then if θ ac , I ac , and I ac are adjusted to suitable values, f od2 can be eliminated by f c . Based on the above analysis, the amplitude and phase of the compensation current can be calculated by
So the resultant force can be expressed as
Therefore, the resultant force f d is a constant value. The result calculated by the FEM is shown in Fig. 14 . The fundamental component of the detent force is eliminated. However, because of the harmonic component, the remaining detent force is oscillating around f d .
It can be seen that by applying an appropriate current into the compensation coil, the peak-peak detent force can be reduced from 2.1 to 0.7 N by 66.7%. Compared with the result only using current compensation, the amplitude of the compensation current has reduced from 10.5 to 0.9 A.
Based on the above-mentioned analysis, if both windings are used, the amplitude of the compensation current for each winding can be reduced to half-value, but the constant value of the resultant force f d will remain unchanged. The result is shown in Fig. 15 . It can be seen that the result calculated by the FEM agrees with the above-mentioned analysis. Fig. 16 shows the resultant detent thrusts before and after current compensation. It can be seen that because the amplitude of the compensation current is much reduced, the constant value of the resultant detent force is very small, and the influence on the designed thrust is negligible.
V. OPTIMIZATION OF THE TRAVEL RANGE
The travel range is very important for the AL-PMSM used for a scanning system with limit space. However, because of the end effect of the secondary, when the secondary end is close to the primary end, the thrust characteristic deteriorates seriously. Fig. 17 shows the thrust when the secondary end is leaving the primary end. It can be seen that the influence of secondary end effect is mainly at two pole pitches (26 mm), and the amplitude of cogging force during the first pole pitch is the largest. The cogging force caused by secondary end effect significantly decreases the smooth travel range of the AL-PMSM by more than one pole pitch. Fig. 18 shows the detent force with 1 A dc compensation during this travel range. Fig. 19 shows the tangential force generated by 1 A dc. It can be seen that during the first pole pitch of the travel range, there are some distortions. Comparing  Fig. 17 with Fig. 19 , during the beginning of the travel range (0-15 mm), the shape of the cogging force and that of the force generated by dc appear similar. Thus, if an appropriate dc is applied to the compensation coil during the beginning of the travel range, the cogging torque can be reduced. Fig. 20 shows the cogging force waveforms with different compensation currents. The duration of the compensation current is the first 15 mm of the travel range. With the optimum value of 2.7 A, the detent force is much reduced from 9.2 to 2.5 N by 73%. Fig. 21(a) shows the thrust during the whole travel range with and without current compensation. And Fig. 21(b) shows the compensation current during the whole travel range. It can be seen that if the acceptable detent force is 5% of the rated thrust, then the travel range can be increased from 160 to 176 mm by 10%.
VI. VALIDATION BY EXPERIMENT
To validate the analytical and FEM results of the AL-PMSM, the AL-PMSM prototypes with and without the primary length optimization are manufactured and the experiment platform is built, as shown in Fig. 22 . In order to test the AL-PMSM prototype more conveniently, the arc primary and secondary are installed in a round housing unit. A hand wheel is installed to turn the secondary manually. A harmonic gear is installed between the hand wheel and the secondary to get a precise position. An absolute encoder with the precision of 0.01°is installed on First of all, the AL-PMSM prototype without primary length optimization is tested during the middle operating range. In different positions, corresponding current with the value shown in Fig. 8 is applied into the compensation winding. Fig. 23 shows the detent forces before and after current compensation obtained by FEM and experiment. It can be seen that the peak-peak value of detent force can be reduced from 43.2 to 1.5 N by 95.8% in the experiment. Then, the AL-PMSM prototype with both length optimization and current compensation is tested during the middle operating range. In different positions, corresponding current with the value shown in Fig. 14 is applied into the compensation winding. The comparison of detent force before and after compensation obtained by FEM and experiment is shown in Fig. 24 . In this situation, it can be seen that the peakpeak value of detent force can be reduced from 2.0 to 0.9 N by 65% in the experiment. The experiment of optimization during the end operating range is also carried out and the result is shown in Fig. 25 . In this test, a dc current of 2.7 A is applied into the compensation winding during the first 15 mm travel range. It can be seen that the detent force is much reduced from 9.1 to 3.7 N by 59%. And the effective travel range is increased. Good agreement between the FEM simulation result and experimental result verifies the validity of the proposed compensation method.
VII. CONCLUSION
A novel hybrid excited AL-PMSM with a normal armature winding and compensation windings was proposed and studied in this paper. The influence of a direct compensation current was analyzed by the FEM. The proper compensation current was deduced based on the analysis. The result calculated by the FEM showed that by only using the compensation winding, the detent force can be reduced by 95.9%, but the compensation current was very large, and the rated thrust was influenced by the resultant force, so using this method only was not satisfactory enough. Therefore, the combination of primary length optimization and current compensation was proposed. The result calculated by the FEM showed that after the length optimization, the detent force was reduced from ±22 to ±1 N. By applying an appropriate current into the compensation coil, the detent force was further reduced by 66.7%. Compared with the result by only using current compensation, the amplitude of the compensation current was reduced from 10.5 to 0.9 A, and the constant value of the resultant force became very small, and did not change the rated force much. By using a direct compensation current during the end travel range, the detent force at this range was reduced from 9.2 to 2.5 N, and the travel range with thrust ripple of 5% was increased from 160 to 176 mm by 10% without influencing the average thrust. Prototypes and test platform were built and experiments were conducted to validate the effectiveness of the proposed compensation method. Good agreement was obtained between the FEM and experimental results. If the current was controlled with a closed-loop controlling system, the result could have been even better. This will be done in the future research. Although the model in this paper was an AL-PMSM, the conclusions can be used for normal PMLSM as well, because all the analyses are based on the same principle.
